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Abstract
We investigate the sensitivity of top-Higgs coupling by considering the associated vertex as CP phase (ζt) dependent through the
process p e− → t¯ h νe in the future Large Hadron electron collider. In particular the decay modes are taken to be h → bb¯ and t¯ →
leptonic mode. Several distinct ζt dependent features are demonstrated by considering observables like cross sections, top-quark
polarisation, rapidity difference between h and t¯ and different angular asymmetries. Luminosity (L) dependent exclusion limits are
obtained for ζt by considering significance based on fiducial cross sections at different σ-levels. For electron and proton beam-
energies of 60 GeV and 7 TeV respectively, at L = 100 fb−1, the regions above pi/5 < ζt ≤ pi are excluded at 2σ confidence level,
which reflects better sensitivity expected at the Large Hadron Collider. With appropriate error fitting methodology we find that the
accuracy of SM top-Higgs coupling could be measured to be κ = 1.00±0.17(0.08) at √s = 1.3(1.8) TeV for an ultimate L = 1 ab−1.
Keywords: Electron-Proton collision, top-Higgs coupling, top polarisation
1. Introduction
The recent discovery of the Higgs boson at the Large Hadron
Collider (LHC) serves as the last step in establishing the par-
ticle content of the Standard Model (SM). The next step that
has been undertaken is the characterisation of its properties re-
garding spin, CP-nature and the nature of interaction with other
particles. While the spin-0 nature of the Higgs boson has been
established by the experiments [1–5] and a complete CP-odd
nature excluded at a 99.98% confidence limit (C.L.) [6, 7], the
possibility remains that the Higgs boson could still be an admix-
ture of CP-odd and even states. Investigation of this possibility
in a future Large Hadron electron Collider (LHeC) is the goal of
this article via a detailed analysis of the associated production
of the Higgs boson with an anti-top quark.
Since in the SM the Higgs boson coupling to fermions is
directly proportional to the mass of the fermions, the Yukawa
coupling associated with the third generation is important in the
context of investigating the properties of the Higgs boson. De-
viations in the top-Higgs coupling directly affects the produc-
tion cross section of Higgs boson at the colliders, while changes
in the bottom-Higgs coupling affects the total branching ratios.
Here we study the associated production of the Higgs bo-
son with an anti-top quark at the future e−p collider which em-
ploys a 7 TeV proton beam from a circular pp collider, and
electrons from an Energy Recovery Linac (ERL) being devel-
oped for the LHeC [8, 9]. The choice of an ERL energy of
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electron of Ee = 60 to 120 GeV, with available proton beam
energy Ep = 7 TeV provide centre of mass energy of
√
s ≈ 1.3
to 1.8 TeV. While the LHC is clearly energetically superior, the
LHeC configuration is advantageous for the following reasons:
(i) since initial states are asymmetric, backward and forward
scattering can be disentangled, (ii) it provides a clean environ-
ment with suppressed backgrounds from strong interaction pro-
cesses and free from issues like pile-ups, multiple interactions
etc. (iii) such machines are known for high precision measure-
ments of the dynamical properties of the proton allowing si-
multaneous tests of electroweak and QCD effects. A detailed
report on the physics and detector design concepts of the LHeC
can be found in the Ref. [8]. A distinguishing feature of the
e−p collider is that the production of the Higgs is only due to
electroweak processes [10, 11] and as noted above, since the e−
and p energies are different, the machine can also produce in-
teresting patterns of kinematic distributions that one can exploit
to explore the CP nature of the Higgs boson.
Denoting the CP-odd (CP-even) components of the top-
Higgs coupling by CPt (C
S
t ), the updated bound on the CP
top-Higgs couplings by combining the LHC Run-1 and Run-
2 Higgs data sets allow the ranges |CPt | < 0.37 and 0.85 < CSt <
1.20, which is stronger than the previous LHC Run-1 bound
|CSt | < 0.54 and 0.68 < CSt < 1.20. We note here that a fu-
ture precision measurement of the process e+e− → hγ with an
accuracy of 0.5% will be able to constrain |CPt | < 0.19 at a
240 GeV e+e− Higgs factory [12]. Various studies on anoma-
lous top-Higgs coupling in associated production of Higgs and
top quark can be found in [13–16].
The article is organised as follows: We discuss the formalism
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Figure 1: Leading order Feynman diagrams contributing to the process
p e− → t¯ h νe at the LHeC. The black dot in the Feynman diagram (c)
denotes the top-Higgs coupling which is the subject of this study.
by introducing a generalised CP-phase dependent top-Higgs
coupling Lagrangian in Section 2. In Section 3 simulation and
parton-level analyses of the process emphasising relevant kine-
matic observables are discussed. Also in this section we provide
luminosity depended exclusion limits of phases corresponding
to the top-Higgs coupling. Finally, in Section 4 we conclude
with inferences and summary. Though the whole focus of this
study is in the LHeC environment, we also discuss and compare
our results with those expected at the LHC.
2. Formalism
In the SM, the Yukawa coupling of the third generation of
quarks is given by
LYukawa = −mtv t¯th −
mb
v
b¯bh, (1)
where v ≡
(√
2GF
)−1/2
= 2mW/g ' 246 GeV, and mt (mb)
is the mass of the top (bottom) quark. Due to the pure scalar
nature of the Higgs boson in the SM, here the top- and bottom-
Higgs couplings are completely CP-even. To investigate any
beyond the SM (BSM) nature of the Higgs-boson as a mixture
of CP-even and CP-odd states, we write a CP-phase dependent
generalised Lagrangian as follows [17]:
L = − mt
v
t¯ [κ cos ζt + iγ5 sin ζt]t h
− mb
v
b¯ [cos ζb + iγ5 sin ζb]b h. (2)
Here ζt and ζb are the phases of the top-Higgs and bottom-Higgs
couplings respectively. It is clear from the Lagrangian in Eq. (2)
that ζt,b = 0 or ζt,b = pi correspond to a pure scalar state while
ζt,b =
pi
2 to a pure pseudo scalar state. Thus, the ranges 0 <
ζt,b < pi/2 or pi/2 < ζt,b < pi represent a mixture of the different
CP-states. The case κ = 1, ζt = 0 corresponds to the SM. In
terms of CSt and C
P
t , we can also translate ζt = tan
−1(CPt /CSt ).
At the LHeC, the top-Higgs couplings can be probed via as-
sociated production of Higgs-boson with anti-top quark p e− →
t¯ h νe - it is thus necessary to consider a 5-flavour proton includ-
ing the b-quark parton distribution. The Feynman diagrams for
the process under investigation are shown in Fig. 1. It is im-
portant to notice that in this process three important couplings
 0.01
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Figure 2: Total cross section of the associated top-Higgs production
against electron beam energy for fixed Ep = 7 TeV. The dotted and
solid black lines correspond to the process p e− → t¯ h νe with and
without polarisation of electron beam respectively. The dotted red and
blue lines correspond to σ×BR for the leptonic and hadronic decay
modes of t¯ where for this estimation we use basic cuts as given in text.
are involved, namely hWW, Wtb and the top-Higgs (tth). A de-
tailed study of hWW and Wtb couplings at the e−p collider have
been performed in Refs. [11, 18] and [19], respectively. For our
studies we do not consider the BSM bottom-Higgs coupling
since the effect of the phase ζb on the total production cross
section or kinematics of top-Higgs production at the LHeC are
negligible. Thus in what follows, we simply set ζb = 0.
As noted in Ref. [17] in the context of the LHC, quantita-
tively an interesting feature can be observed: in the pure SM
case there is constructive interference between the diagrams
shown in Fig. 1a and Fig. 1c for ζt > pi/2 resulting in an en-
hancement in the total production cross section of associated
top-Higgs significantly. This is also true for ζt < pi/2 - however
the degree of enhancement is much smaller owing to the flipped
sign of the CP-even part of the coupling.
3. Simulation and analysis
We begin our study to probe the sensitivity of the top-Higgs
couplings in terms of ζt by building a model file for the La-
grangian in Eq. (2) using FeynRules [20], and then simulating
the charged current associated top-Higgs production channel
p e− → t¯ h νe (see Fig. 1), with h further decaying into a bb¯ pair
and the t¯ decaying leptonically in the LHeC set-up with centre
of mass energy of
√
s ≈ 1.3 TeV. In this article we perform the
analysis at parton level only where for signal and background
event generation we use the Monte Carlo event generator pack-
age MadGraph5 [21]. We use NN23LO1 [22, 23] parton dis-
tribution functions for all event generations. The factorisation
and renormalisation scales for the signal simulation are fixed at
µF = µR = (mt + mh)/4 while background simulations are done
with the default MadGraph5 [21] dynamic scales. The e− polar-
isation is assumed to be −80%. We now list and explain various
kinematic observables that can serve as possible discriminants
of a CP-odd tt¯h coupling.
2
Process cc (fb) nc (fb) photo (fb)
Signal: 1.98 × 10−2 −− −−
W j j j + X, \h 2.05 × 10+2 3.18 × 10+1 3.40 × 10+3
W j j j + X, \t 4.18 × 10+1 3.16 × 10+1 3.41 × 10+3
W j j j + X, \th 4.16 × 10+1 3.18 × 10+1 3.41 × 10+3
Table 1: Cross sections of signal and backgrounds in charged current
(cc), neutral current (nc) and photo-production (photo) modes for Ee =
60 GeV and Ep = 7 TeV as explained in the text. Here X could be
either of missing energy or electron and j is all possible combinations
of light-, c- and b-quarks and gluons. For this estimation we use basic
cuts as mentioned in text and electron polarisation is taken to be − 0.8.
3.1. Cross section studies
In Fig. 2, we present the variation of the total cross sec-
tion against the electron beam energy for the signal process
p e− → t¯hνe, by considering un-polarised and − 80% polarised
e− beam. Also, the effect of branchings of h → bb¯ and the t¯
decay for both leptonic and hadronic modes are shown. Possi-
ble background events typically arise from W+ multi-jet events,
Wbb¯b¯ with missing energy which comes by considering only
top-line (\h), only Higgs-line (\t) and without top- and Higgs-
line (\th) in charged and neutral current deep-inelastic scatter-
ing and in photo-production by further decaying W into leptonic
mode. In Table 1 we have give an estimation of cross sections
for signal and all possible backgrounds imposing only basic
cuts on rapidity |η| ≤ 10 for light-jets, leptons and b-tagged
jets, the transverse momentum cut pT ≥ 10 GeV and ∆Rmin1 =
0.4 for all particles.
We now estimate the sensitivity of the associated top-Higgs
production cross-section, σ(ζt), as a function of the CP phase
of the tth-coupling as shown in Fig. 3 by considering Ee = 60
and 120 GeV with fixed Ep = 7 TeV. The scale uncertainties are
taken as (mt + mh)/8 ≤ µF = µR ≤ (mt + mh)/2. Here σ(ζt = 0)
corresponds to the SM cross section. We notice that the cross
section is very sensitive to ζt in the region ζt > pi2 where the in-
terference between the diagrams becomes constructive. Below
ζt =
pi
2 the interference is still constructive though its degree
decreases with ζt, thus increasing the cross section by around
500% at ζt = pi2 which corresponds to the pure CP-odd case.
On the other hand, for pure CP-even case ζt = pi with opposite-
sign of tth-coupling the cross section can be enhanced by up to
2400% for Ee = 60 GeV. Notice that for the case Ee = 120 GeV,
σ(ζt) displays a similar shape with enhanced cross sections with
respect to Ee = 60 GeV case. The scale uncertainty on an aver-
age is approximately 7(9)% for Ee = 60(120) GeV in the whole
range of ζt.
However, it is quite interesting that the combined ATLAS
and CMS measurements at
√
s = 7 and 8 TeV allow devia-
tion of cross section in terms of signal strength µ = 2.3+0.7−0.6 [24]
1The distance parameter between any two particles is defined as ∆R =√
(∆φ)2 + (∆η)2, where φ and η are the azimuthal angle and rapidity respec-
tively of particles into consideration.
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Figure 3: Total cross section as a function of ζt with scale uncertain-
ties. The black solid and blue dotted lines correspond to Ee = 60 and
120 GeV respectively for fixed Ep = 7 TeV and µF = µR = (mt+mh)/4.
for associated top-Higgs production2. Though one may investi-
gate the possibilities of such observations due to comparatively
heavy scalar with respect to the Higgs-boson as in Ref. [25, 26].
3.2. Rapidity difference between the anti-top and the Higgs
In Refs. [11, 18] it was suggested that in order to explore the
tensorial spin-CP nature of hW+W− and hhW+W− vertices, az-
imuthal angle correlation between missing energy and scattered
jets are a good observable. Also further studying the asymme-
try based on such observables proves to be an excellent tool
for any BSM nature of the associated couplings. Here and in
the next subsections we include such observables in our studies
with different combinations of final state particles as a function
of ζt. We begin with the sensitivity of BSM aspects of the tth
coupling in the rapidity difference between the anti-top quark
and the Higgs boson distribution, ∆yht.
In Fig. 4 we present the normalised ∆yht distribution for a
few chosen values of ζt. Any BSM physics effect can be ob-
served by comparing the shape corresponding to the SM case
ζt = 0. We find that the distribution features for the different
values of CP phase split into two distinguishable regions when
∆yht < 1 and 1 < ∆yht < 3. In the former, most values of ζt
are seen to correspond to distributions larger than the SM case,
while the second region presents a complementary behaviour.
The distortion in the shape for ζt > 0 is the effect of mixing
between CP-even and odd components of the tth vertex follow-
ing the Lagrangian in Eq. (2). Overall, with the inclusion of
spin-0+ BSM admixture, the ∆yht distribution is pushed towards
lower values and act as a potential discriminator to explore the
CP-nature of tth-coupling. Similar studies are used to probe
the tensor structure of hVV (V = W±,Z) coupling at the LHC
and one such study of the Higgs boson production in the vector
boson fusion mode is performed in [27] by taking the rapidity
difference between the Higgs and the leading parton.
2Note that at the LHC the production of associated Higgs boson with top-
quark is possible via double and single-top quarks and is different from LHeC
where the environment and centre of mass energies are different. The signal
strength is defined as µ = σobserved/σSM.
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Figure 4: The normalised difference between rapidities of top quark
and the Higgs boson at some typical values of ζt for Ee = 60 GeV and
Ep = 7 TeV. The black solid line corresponds to the SM case, while
dotted lines correspond to different values of ζt.
3.3. Top quark polarisation
The large top-quark mass mt = 172.84 ± 0.70 GeV [28] in-
dicates that the top could potentially play a singular role in the
understanding of electroweak symmetry breaking in BSM sce-
narios. Since the decay width of the top exceeds ΛQCD, the top
decays before hadronising and thus its spin information is pre-
served in the differential distribution of its decay products. With
the Higgs coupling to top modified, it is reasonable to expect an
asymmetry in the production of tops of different polarisations
and the effect of ζt on this asymmetry.
We define the degree of longitudinal polarisation Pt of the
top quark as
Pt =
N+ − N−
N+ + N−
≡ σ+ − σ−
σ+ + σ−
, (3)
where N+ and N− denote the number of events with positive
and negative helicity anti-top quarks respectively, which can be
rewritten in terms of the corresponding cross sections σ±. In
Fig. 5, we present Pt in the process p e− → t¯ h νe at the LHeC
as a function of ζt. We obtain N± or σ± using the helicity am-
plitudes in MadGraph5. It can be seen from the plot that the
degree of polarisation is quite sensitive over the entire range of
ζt since the CP-odd coupling violates parity for any non-zero
ζt. It is interesting to note that if Fig. 1c is the only diagram
that contributed to Pt then the fraction of right-handedly polar-
ized anti-top quark would increase as ζt increases from 0 and
reach a maximum at ζt = pi/2 and then fall. However, the pres-
ence of other diagrams means that the plot is not symmetric
about ζt = pi/2. The general features of Pt in Fig. 5 can be
understood as the effect of interference among the diagrams
in Fig. 1a, Fig. 1b (from where right-handed anti-top quarks
are produced) and the Higgs-bremsstrahlung diagram Fig. 1c,
which contains the CP-violating sin ζt term.
As mentioned before, information of the spin of the top is
preserved in its decay products and the angular distribution of
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Figure 5: The degree of longitudinal polarisation (Pt) of the top quark
against ζt. The black solid and red dotted lines correspond to the Ee =
60 and 120 GeV, while Ep is fixed at 7 TeV.
its decay products can be parametrised as:
1
Γ f
dΓ f
d cos θ f
=
1
2
(1 + α fPt cos θ f ), (4)
where f is the type of top decay product, θ f is the angle between
f and the top-quark spin quantisation axis measured in the rest
frame of the top-quark and Γ f denotes the partial decay width
corresponding to f . For the decay mode t → b+W±(→ l± + νl)
at lowest order, αW = −αb = 0.39, αν = −0.3, αl = 1 [29], with
small QCD corrections to these values [30, 31]. The charged
lepton l± (or the down-type quark d in a hadronic decay of the
intermediate W) is nearly 100% correlated with the top quark
spin which means that the l± or d is much more likely to be
emitted in the direction of the top quark spin than in the op-
posite direction. It is a well known fact that the energy and
momentum of leptons can be measured with high precision at
the LHC and the same is true for the LHeC as well, so we focus
on the leptonic decay mode of the anti-top for asymmetries in
angular observable studies in what follows.
3.4. Cut-based event optimisation
Before discussing the angular observables for this study, it is
important to discuss the optimisation of SM signal and back-
ground events as mentioned in Section 3.1. Angular observ-
ables are affected due to kinematic cuts and hence it is bet-
ter to analyse events after optimising the signal with respect
to backgrounds. The full SM signal process for this analysis
is p e− → t¯ h νe, with h → bb¯ and t¯ → W−b¯,W− → l−νl
(l± = e±, µ±). After preliminary analysis of various kinematic
distributions of final state particles of the SM signal and all
possible leptonic backgrounds, we employ the following cri-
teria to select events: (i) pT ≥ 20 GeV for b-tagged jets and
light-jets, and pT ≥ 10 GeV for leptons. (ii) Since the LHeC
collider is asymmetric, event statistics of final state particles
are mostly accumulated on the left or right sides of the trans-
verse plane η = 0 (depending on the initial direction of p and
e−) - we select events within −2 ≤ η ≤ 5 for b-tagged jets
while 2 ≤ η ≤ 5 for leptons and light-jets, (iii) The separation
4
distance of all final state particles are taken to be ∆R > 0.4.
(iv) Missing transverse energy /ET > 10 GeV to select the top
events. (v) Invariant mass windows for the Higgs through b-
tagged jets and the top are required to be 115 < mbb < 130 GeV
and 160 < mt < 177 GeV respectively, which are important to
reduce the background events substantially. In these selections
the b-tagging efficiency is assumed to be 70%, with fake rates
from c-initiated jets and light jets to the b-jets to be 10% and
1% respectively. These constitute our event selection criteria
which we use in the subsequent analysis.
There are two major difficulties in reconstructing the Higgs
boson and the top in the process p e− → t¯ h νe → (W−b¯)hνe
→ l−νlb¯bb¯νe: (a) Choosing appropriate b-tagged jets - in the
final state we have 3 b-tagged jets with two originating from h
decay and one from the decay of t¯ and (b) The source of miss-
ing energy comes from both the production process and from
W± decay. Since we performed parton-level analysis, we read
the event files generated from the Monte Carlo generator and
by reading appropriate identities we obtained information about
the origin of b-tagged jets and neutrino and the corresponding
four-momenta information was used for the analysis. Although
the detector-level analysis is beyond the scope of this article, we
mention briefly that for distinguishability of b-jets the solution
is to take into account the pT ordering of all b-tagged jets and
since top-quark is heavier than the Higgs boson, the leading-pT
b-jet can identified as the decay product of top-quark, and the
sub-leading and next to sub-leading pT -ordered b-jets can be
used to reconstruct Higgs boson.
To reconstruct the top, substantial requirement on missing
energy and top-quark invariant mass formula m2t = (mT +mb1 )
2
can be used, where mT is transverse mass observable to recon-
struct W-boson and mb1 is the mass of leading-b jet and is given
as:
mT =
√
2 plT p
ν
T (1 − cos(φl − φν)),
where cos(φl−φν) is the angle between the electron and neutrino
in the transverse plane, and φl (φν) is the azimuthal angle of
the electron (neutrino). However, it is to be noted that mT is
also inefficient when there are more than one sources of missing
energy and hence alternative method should be explored.
3.5. Angular observables in terms of asymmetries
After this short discussions on event selection criteria, we
now discuss observables based on angular asymmetry between
different final state particles. We construct the asymmetry from
the differential distribution of kinematic observables using the
final leptons and b-tagged jets. These asymmetries are studied
only for signal processes as a function of ζt. The angular asym-
metries with respect to polar angle3 cos θi j and the azimuthal
angle difference ∆φi j are defined to be:
Aθi j =
NA+ (cos θi j > 0) − NA− (cos θi j < 0)
NA+ (cos θi j > 0) + NA− (cos θi j < 0)
, (5)
3Polar angle cos θi j(pi, p j) between two final state particles i and j with
four-momentum pi and p j respectively is defined as the angle between direction
of pi in the rest frame of pi + p j and the direction of pi + p j in the lab frame.
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Figure 6: Variation of angular asymmetries between the leading b-
tagged jet and the charged lepton in the differential azimuthal and
polar angle (∆φb1l− and cos θb1l− ) distributions with respect to ζt for
Ee = 60 GeV and Ep = 7 TeV. The error bars correspond to the uncer-
tainties in asymmetry measurement at L = 1 ab−1.
A∆φi j =
NA+ (∆φi j > pi/2) − NA− (∆φi j < pi/2)
NA+ (∆φi j > pi/2) + NA− (∆φi j < pi/2)
, (6)
where i and j are any two different final state particles. Using
binomial distribution we use the following formula to calcu-
late the statistical uncertainty (δα) in the measurement of these
asymmetries (Aα):
δα =
√
1 − A2α(ζt)
σζt · L
, (α = θi j,∆φi j) (7)
where σζt is the total cross section of signal events as a function
of ζt and L is the total integrated luminosity.
In Fig. 6, we show the asymmetries between the charged
lepton and the b¯ from t¯ decay (denoted by b1 in the plot) as
functions of ζt. We can see that the asymmetries in ∆φb1`−
and cos θb1`− follow the top polarisation curve to some extent
in that they fall till ζt ≈ pi/4. We find that beyond ζt = pi/2,
the curves flatten. As explained in the Section 3.3 the shape
in these asymmetry observables are also influenced by interfer-
ence among the Feynman diagrams shown in Fig. 1. Overall
we can conclude that these asymmetry observables can serve as
good discriminators for a non-zero ζt, particularly for ζt < pi/2
where the difference from the ζt = 0 case is more pronounced.
3.6. Exclusion limits
In Section 3.5 we observed that asymmetry observables
based on differential distributions of cos θb1l− and ∆φb1l− show
distinct features in terms of shape although quantitatively not
very sensitive. Therefore we construct another asymmetry ob-
servable by considering the polar angle between the sub-leading
b-tagged jet and the lepton from W− decay, i.e, cos θb2l− which
is comparatively more sensitive (quantitatively). In Fig. 7, we
show the asymmetry Acos θb2 l− as a function of ζt for Ee = 60
and 120 GeV with Ep = 7 TeV. The statistical uncertainties are
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Figure 7: Variation of the angular asymmetry between the subleading b-
tagged jets and charged leptons in the differential polar angle (cos θb2l− )
distribution with respect to ζt for Ee = 60 GeV (black solid line) and
Ee = 120 GeV (orange dashed line) with Ep = 7 TeV. The shaded
regions grey (orange) and light grey (yellow) corresponds to 2σ and
1σ of statistical uncertainty in the measurement of the asymmetry in
the SM for Ee = 60 (120) GeV at L = 1 ab−1 respectively.
calculated using the formula in Eq. (7) for ζt = 0 and explicitly
given as:
δAcos θb2 l− =
√
1 − (ASMcos θb2 l− )
2
σSM · L , (8)
where σSM is total cross section of the SM signal and ASMcos θb2 l−
is numerical value of corresponding SM asymmetry. Therefore
at the luminosity of L = 1 ab−1, Acos θb2 l− used to determine ζt
within pi/3 and 3pi/5 (pi/6 and 3pi/10) at 1σ and 2σ C.L. re-
spectively for Ee = 60 (120) GeV. This indicates that at low L
the sensitivity tends to be poorer than this, so next we use fidu-
cial inclusive cross sections as another observable to find the
exclusion limits.
Based on selection criteria of signal and background events
discussed in Section 3.4, we estimated the exclusion re-
gions of ζt as a function of L in fb−1. The exclusion
is based on significance using the Poisson formula S =√
2[(S + B)log(1 + S/B) − S ], where S and B are the number
of expected signal and background events at a particular lu-
minosity respectively. Here we used 10% systematic uncer-
tainty for background yields only. In Fig. 8, we present ex-
clusion contours at various confidence levels for Ee = 60 GeV
– understandably, higher σ-contours demand larger luminosi-
ties. It is also seen that there is a kink around ζt = pi/2 such
that for the region 0 < ζt < pi/2, we need larger luminosities
for exclusion. This is in keeping with the feature exhibited in
Fig. 3 where the constructive interference between the signal
diagrams enhances the cross-section over the SM value much
more for ζt > pi/2 thus requiring less luminosity to probe that
region. For L = 100 fb−1, regions above pi/5 < ζt ≤ pi and
3pi/10 < ζt ≤ pi are excluded at 2σ and 3σ C.L. While around
L = 400 fb−1, regions above pi/6 < ζt ≤ pi and pi/4 < ζt ≤ pi are
excluded at 4σ and 5σ C.L. respectively.
For higher Ee = 120 GeV, the cross section for signal (back-
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Figure 8: The exclusion contour with respect to integrated luminosities
at various ζt by considering significance based on fiducial cross section
(defined in text) for Ee = 60 GeV and Ep = 7 TeV. The regions beyond
each contours are excluded for the particular luminosity, black and red
solid lines correspond to 3σ and 2σ regions.
ground) is enhanced approximately by a factor of 4 (3) and
hence the luminosity required for exclusion is smaller com-
pared to the Ee = 60 GeV case. Specifically, at L = 100 fb−1 re-
gions above pi/20 < ζt ≤ pi and pi/6 < ζt ≤ pi are excluded at 4σ
and 5σ C.L. We note, as a measure of comparison, that asym-
metry studies at the HL-LHC [17] help probe up to ζt = pi/6
for a total integrated luminosity of 3 ab−1. Thus, it is clear that
the LHeC provides a better environment to test the CP nature of
Higgs boson couplings.
Hence it is apparent that the method based on fiducial inclu-
sive cross sections results in better limits than the asymmetry
observable. It is interesting to note that for the design luminos-
ity L = 1 ab−1, almost all values of ζt are excluded up to 4σ
C.L. While investigating the overall sensitivity of ζt by apply-
ing these two observables, it is also important to measure the
accuracy of SM tth coupling κ at the LHeC energies. To mea-
sure the accuracy of κ by using signal and background yields we
use the formula K = √(S + B)/(2S ) at a particular luminosity.
And for Ee = 60 (120) GeV, the measured accuracy at the de-
sign luminosity L = 1 ab−1 is given to be κ = 1.00 ± 0.17 (0.08)
of its expected SM value, where a 10% systematic uncertainty
is been taken in background yields only.
4. Summary and conclusions
The discovery of a Higgs with properties very close to that
predicted in the SM has necessitated experiments that help
us elucidate the nature of its couplings. While any devia-
tion in Higgs boson couplings to WW and ZZ would unam-
biguously provide clues for a modified electroweak symme-
try breaking sector, any possible pseudoscalar admixture in the
physical Higgs boson is more easily manifest in its couplings
to fermions. One promising avenue is the elucidation of such
modifications in the tth coupling - owing to the large Yukawa,
this is the most obvious channel. While the LHC is a top fac-
tory, coupling determination in pp colliders is usually fraught
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with difficulty. The e+e− machine provides a cleaner envi-
ronment but one generally has to contend with smaller cross-
sections. A third possibility is an e− p machine - while this does
not compete with the LHC in terms of absolute cross-sections,
the intrinsic asymmetric nature of the machine (because of the
difference in the e− and p energies) provides certain advantages.
In this letter, we analysed the question of uncovering possible
CP-odd components in the tth coupling at the LHeC.
Using the associated top-Higgs production and based on dif-
ferent observables as a function of CP-phase ζt of tth-coupling,
we observe different distinguishable features. The difference
between rapidities of anti-top quark and Higgs-boson ∆yht, and
anti-top polarisation Pt show unique features that are distinct
from the pure scalar type couplings.
Considering the leptonic decay mode of the anti-top quark
and h → bb¯ ,we constructed the asymmetry observables ∆φb1l−
and cos θb1l− . We find that while these show deviations from
the SM case in the region 0 < ζt ≤ pi/2, the curves flatten out
beyond that point. This prompted us to construct yet another
observable cos θb2l− whose variation with ζt is significant in the
entire range 0 < ζt ≤ pi.
Somewhat counterintuitively, exclusion regions for ζt ob-
tained through fiducial cross section considerations result in
better limits than those using asymmetry measurements. Quite
strikingly, we find that almost all values of ζt can be excluded
at 2σ (4σ) with an integrated luminosity of 200 fb−1 (700 fb−1)
- these limits are superior to those found in studies at the HL-
LHC. While the limits would possibly worsen when one does a
full detector level simulation, our analysis gives excellent early
signs for the efficacy of the LHeC for coupling measurements.
We conclude that a study of cross-section measurements
combined with accurate measurements of kinematic observ-
ables can be a powerful probe at the LHeC to uncover the finer
details of the nature of the top-Higgs coupling and hope that
this study adds to the physics goals of future e− p colliders.
As mentioned in Section 2, apart from tth coupling the pro-
cess considered in this study involves hWW and Wtb couplings
as well where non-standard anomalous contributions are not
negligible - these are studied in Refs. [11, 18] and [19] re-
spectively. Since the gauge-scalar (WWh) and gauge-fermion
(Wtb) anomalous couplings involve momentum dependent cou-
plings, the differential distribution of final state particles is af-
fected differently via such effects and can thus be used as an
effective discriminant to disentangle the effects of different new
physics contributions to the process under investigation. For
future studies, a global analysis involving all anomalous non-
standard couplings together will be helpful to investigate the
potential of precision measurement capabilities of collider fa-
cilities like the LHeC.
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